Aim: To investigate the mechanism of bleomycin (BLM)-induced pulmonary fibrosis. Methods: Cultured human fetal lung fibroblast (HLF) cells were exposed to bleomycin (BLM) at 0-30 μg/mL for 24 h. Western blot analysis was used to detect lysyl oxidase (LO) protein expression. Real-time RT-PCR was used to detect LO mRNA level. LO catalytic activity was measured using diaminopentane as a substrate and Amplex red as a hydrogen peroxide probe. Copper (Cu) concentration was detected by flame atomic absorption spectrophotometry. Results: Exposure of HLF cells to BLM at 10 μg/mL and 30 μg/mL increased LO catalytic activity to 130% and 158% of the control in the conditioned media. The expression of LO mRNA was increased to 5.5-fold of the control in HLF cells exposure to BLM at 3 μg/mL. BLM at 3 μg/mL also increased the expression of 46 kDa preproLO, 50 kDa proLO and 32 kDa mature LO to 219%, 130%, and 135% of the control, respectively. The Cu concentrations in conditioned media of cultured HLF cells exposed to BLM (10 and 30 μg/mL) were increased significantly to 1.48 and 2.46-fold of the control, respectively. Conclusion: Bleomycin induces upregulation of LO in cultured human fetal lung fibroblasts, which may be the mechanism of bleomycininduced pulmonary fibrosis.
Introduction
Pulmonary fibrosis is a progressive and lethal lung disorder, characterized by the loss of alveolar structure through the apoptosis of epithelial and endothelial cells, proliferation of fibroblast and excessive deposition of extracellular matrix, including fibrillar collagens, fibronectin, elastic fibers and proteoglycans [1, 2] . Many factors can cause pulmonary fibrosis such as toxic vapours, inorganic dusts, paraquat, cancer chemotherapy drug like bleomycin, and radiation therapy. But, the cause of idiopathic pulmonary fibrosis (IPF), also known as cryptogenic fibrosing alveolitis in Europe remains unknown [3] . There is still no effective treatment for this disease, and the prognosis is dismal, with a median survival of 3 to 5 years after diagnosis [4, 5] . Traditionally, IPF has been thought to occur as a result of an initial injury to the lung that cause the recruitment of inflammatory cells, release of cytokines [6, 7] and proliferation of fibroblast, deposition of extracellular matrix (ECM) and eventually parenchymal remodeling and fibrosis. The role of inflammation in IPF is controversial, because inflammatory suppressive agents do not seem to be effective [8] . Recent research focuses that IPF is an epithelial-fibroblast disease [9, 10] . Epithelial to mesenchymal transition (EMT) may play an important role in the formation of pulmonary fibrosis. A number of fibrogenic cytokines such as transforming growth factor-beta1 (TGF-β1), connective tissue growth factor (CTGF), basic fibroblast growth factor (bFGF), epidermal growth factor (EGF) are involved in this transition.
Lysyl oxidase (LO), a copper (Cu)-dependent amino oxidase, catalyzes covalent crosslinking of collagen and elastin and stabilizes extracellular matrix (ECM). It plays a critical role in morphogenesis and tissue repair of lung and other organs [11] . It has been shown that TGF-β1 increases the mRNA level and activity of lysyl oxidase in lung fibroblast [12] . It also has been shown that increased LO activity is associated with fibrotic diseases such as lung [13] and liver fibrosis [14, 15] , , whereas decreased LO activity is associated with disorders of Cu metabolism like Menkes syndrome [16] . Bleomycin (BLM) is a cancer chemotherapy drug, which is used to treat Hodgkin's and non-Hodgkin's lymphomas, germ cell tumor, head and neck cancer, etc. However, it does cause Bleomycin induces upregulation of lysyl oxidase in cultured human fetal lung fibroblasts
Acta Pharmacologica Sinica npg significant cutaneous toxicity. The most serious side effect of bleomycin is pulmonary toxicity, which begins with a dry cough, fine rales, and diffuses basilar infiltrates on X-ray and may progress to life-threatening pulmonary fibrosis. Bleomycin-induced pulmonary fibrosis in animal is a widely used animal model for pulmonary fibrosis in human because of its similarity to IPF. Although some evidence in animal model has shown that lysyl oxidase activity increased during bleomycin-induced rat lung fibrosis [13] , the mechanisms of bleomycin-induced pulmonary toxicity and pulmonary fibrosis are still poorly understood. Here, we report BLM upregulates LO catalytic activity in associated of Cu concentration increase in conditioned media of cultured human fetal lung fibroblasts.
Materials and methods

Materials
Bleomycin (BLM) was purchased from Nippon Kayaku Co, Ltd (Tokyo, Japan). Dulbecco's modified Eagle's medium (DMEM), fetal bovine serum (FBS) and Pheno-red free DMEM were ordered from Gibco (Grand Island, NY). 1,5-diaminopentane and β-aminopropionitrile (BAPN) were purchased from Sigma (St Louis, MO). Amplex Red Hydrogen Peroxide/ Peroxidase Assay Kit was purchased from Molecular Probes (Eugene, OR).
Cell culture and treatment
Human fetal lung fibroblast (HLF) cell line derived from cell bank of Academia Sinica in Shanghai, China. Cells were regularly maintained in Dulbecco's modified Eagle's medium (DMEM) containing 10% FBS. Cells were seeded in cell culture dishes with complete medium (DMEM containing 10% FBS) and incubated until to subconfluence. Then cells were growth-arrested and synchronized at the G 1 phase by incubation in DMEM containing 0.3% FBS and treated with BLM at final concentrations ranging from 0 to 30 μg/mL for 24 h, unless otherwise indicated. After that, further analysis was processed. Control cells were incubated in the presence of vehicle only.
Western blot analysis
Control and treated cells were washed twice with cold PBS buffer and lysed in the RIPA buffer composed of 1×PBS, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, and 2 mol/L urea, pH 7.4. One tablet of the protease inhibitor cocktail (Roche, Mannheim, Germany) was freshly added to 10 mL of RIPA. Cell lysates were microcentrifuged at 14 000 r/min for 20 min at 4 °C. Supernatants were collected and stored at -80 °C. Protein concentration in each sample was determined by the BCA protein assay reagents (PIERCE, Rockford, IL). Cell lysates containing equal amounts of protein (30 μg Lysyl oxidase activity assay Growth-arrested HLF cells in 0.3% FBS/phenol red-free DMEM were exposed to bleomycin at final concentration ranging from 0 to 30 μg/mL for 24 h. The conditioned medium was collected and assayed for LO activity using diaminopentane as a substrate as described [17] and Amplex red as a hydrogen peroxide probe as described [18] . In a typical assay, samples (500 μL conditioned medium) were mixed with the reaction mixture containing 0.05 mol/L sodium borate, pH 8.2, 10 mmol/L diaminopentane, 10 μmol/L Amplex red, 1 U HRP, and 1.2 mol/L urea in a final volume of 1 mL in the presence or absence of 0.5 mmol/L BAPN, an active site inhibitor of LO. H 2 O 2 release was continuously monitored for 5 min at excitation and emission wavelengths of 563 and 587 nm, respectively, at a constant temperature of 37 °C, on the 850 Fluorescence Spectrophotometer (HITACHI Instrument, Tokyo, Japan). All enzyme activities were expressed as fluorescence values at 5 min after the reaction, corrected for background levels of H 2 O 2 release determined in the reaction mixture supplemented with BAPN, and normalized to total cell protein. 
Statistical analysis
Data were expressed as mean±SD of at least three independent experiments. Statistical differences between means were determined using one-way ANOVA followed by Bonferroni's post hoc test or two-tailed student's t-test when appropriate. A P value<0.05 was considered significant.
Results
Upregulation of lysyl oxidase activity by bleomycin in the medium of cultured human fetal lung fibroblasts To assess the effect of BLM on lysyl oxidase catalytic activity, we cultured HLF to subconfluence in complete medium (DMEM/10% FBS). Then cells were growth-arrested and synchronized at the G 1 phase by incubation in pheno-red free DMEM containing 0.3% FBS and treated with bleomycin at final concentrations ranging from 0 to 30 μg/mL for 24 h. The conditioned medium was collected and assayed for LO catalytic activity. Bleomycin at 3, 10, and 30 μg/mL increased LO activity in conditioned media of treated cells to 109%, 130%, and 158% of the control, respectively ( Figure S1 , Figure 1 ).
Effect of bleomycin on lysyl oxidase protein expression in cultured human fetal lung fibroblasts To explore effect of bleomycin on LO protein expression, we performed the Western blot assays in growth-arrested HLF treated with bleomycin at final concentrations ranging from 0 to 30 μg/mL for 24 h. As shown in Figure 2 , although 10 and 30 μg/mL of BLM induced no significant change of LO protein species, BLM at 3 μg/mL significantly resulted in upregulation of LO expression at protein levels in cultured HLF cells. As determined by the protein band density assay, the 46 kDa preproLO, 50 kDa proLO and 32 kDa mature LO were increased to 219%, 130%, and 135% of the control, respectively. Effects of BLM and BAPN on lysyl oxidase expression at mRNA levels in cultured human fetal lung fibroblasts We further assessed the effect of BLM on LO expression at mRNA levels in cultured HLF cells by real time RT-PCR. BAPN, an inhibitor of LO activity, was used as a positive control. Growth-arrested cells were treated with BLM at final concentrations ranging from 0 to 30 μg/mL or 100 μmol/L BAPN for 24 h. BLM at 3 and 10 μg/mL enhanced LO mRNA expression to 5.5 (P<0.05) and 3.5-fold of the control, respectively. But, BLM at 30 μg/mL decreased LO mRNA level to 20.7 fold of the control. Meanwhile, BAPN at 100 μmol/L elevated LO mRNA level to 16.4 fold of the control ( Figure 3 , Table S1 ).
Effects of BLM and BAPN on Cu concentration in medium of cultured human fetal lung fibroblasts
To probe the mechanism of LO activity upregulation by BLM, we detected Cu concentrations in the media of cultured HLF cells exposed to BLM at final concentrations ranging from 0 to 30 μg/mL. As shown in Figure 4A , BLM at 10, 30 μg/mL increased significantly Cu concentrations in conditioned media of treated cells to 1. Figure 4B ).
Determination of Cu originally bound to BLM
To assess original Cu bound to BLM, various concentrations of BLM dissolved in double-distilled water were tested by Atomic Absorption Spectrophotometry. As shown in Table 1 , BLM at 3, 10, and 30 µg/mL contained Cu equal 0.0012, 0.0022, Note: The mRNA expression of LO was evaluated by real-time RT-PCR. β-actin was used as an internal control. b P<0.05 compared with control.
BLM, bleomycin; BAPN, beta-aminopropionitrile; LO, lysyl oxidase. 
Discussion
In this study, we investigated the molecular and cellular events following cells exposure to BLM which may result in pulmonary fibrosis. Because of the critical role of LO, a Cudependent amino oxidase, in morphogenesis and tissue repair of the lung ECM, we studied changes in LO mRNA, protein, and catalytic activity levels in cultured human fetal lung fibroblasts (HLF) exposed to BLM. Here, we showed that BLM significantly enhanced LO catalytic activity in concomitant with elevation of Cu levels in the HLF-conditioned media. Pulmonary fibrosis, especially idiopathic pulmonary fibrosis (IPF), has been thought as a result of an initial injury to the lung that causes the recruitment of inflammatory cells, release of cytokines and eventual increase of fibroblast activity leading to parenchymal remodeling [19, 20] . Although many progresses have been made in explanation of pathogenesis of IPF in recent years, the precise mechanism of IPF remains unclear and thus there is no effective treatment for IPF. Increasing evidence suggests that cytokines such as TGF-β [21] [22] [23] [24] , connective tissue growth factor (CTGF) [25] [26] [27] , platelet-derived growth factor (PDGF) [28, 29] , basic fibroblast growth factor (bFGF) [30] [31] [32] , epidermal growth factor (EGF) [33] , tumour necrosis factor +(TNF-α) [34] , insulin-like growth factors (IGFs) [35] , interferons (INF) [36] and interleukins (IL) [37] play an important role in the pathogenesis of pulmonary fibrosis. Release of these cytokines causes fibroblast proliferation, myofibroblast activation, collagen synthesis and excessive deposition of ECM [6, 38] . In all these molecular and cellular events, we think that collagen synthesis and excessive deposition of ECM catalyzed by LO may be a key and final event leading lung tissue repair, remodeling and fibrosis. In light of this view, we studied the BLM effect on LO catalytic activity and LO expression in cultured HLF cells.
Results reported here show that LO catalytic activity in conditioned medium is upregulated in cultured HLF cells exposure to BLM at final concentration range from 10 to 30 μg/mL. LO is a metalloenzyme requiring 1 mole of Cu at its active site per mole of enzyme. Cu binding to the proenzyme occurs in secretory vesicles such as the trans-Golgi apparatus [16] . Once feed of Cu, the resulting inactive apoenzyme was fully reactivated by reconstitution with Cu, but not by divalent Ni, Cd, Zn, Co, Fe, Hg, Mg, etc. Severe Cu deficiency resulted in decreased crosslinking of connective tissue, consistent with decreased function of LO [39] . Enzyme activity levels were decreased in the skin of weanling rats fed with a copper deficient diet [40] . Exogenously added Cu has been shown to elevate LO activity and LO mRNA levels in cultured RFL6 cells [41] . Upregulation of LO activity as shown in this paper may be caused by Cu increase. So, we tested the Cu concentration in the medium of cultured HLF cells. Consistently, the Cu concentrations in conditioned media of cultured HLF cells exposed to BLM were increased with increases of BLM ranging from 10 to 30 μg/mL (final concentrations in media). The bleomycins currently employed clinically are a mixture of the two Cu-chelating peptides, bleomycins A 2 and B 2 . In chemistry, the bleomycins form equimolar complexes with metal ions, including Cu 2+ and Fe 2+ [42] . Further Table 1 shows Cu bound to the BLM samples which are used in this study. This may explain the phenomenon of increases of Cu concentrations in the media of cultured HLF cells exposure to BLM and upregulation of LO activity.
It should be noted that low concentration of BLM apparently upregulated LO transcription and translation under the specified conditions. Apparently, activation of LO gene transcription by BLM with a low dose was an early cellular event. BLM bound Cu may also acts as a critical factor for LO gene transactivation. Cu has been shown to regulate transcription of several genes by activation of metal response element (MRE) and antioxidant response element (ARE) [43] . The cloned rat LO gene contains at least two MREs and one ARE in the promoter region -804/-1 upstream of ATG which displayed the maximal promoter activity [44] . We don't know why high concentration of BLM reduced LO expression at protein or mRNA levels. Interestingly, BLM at 30 μg/mL which significantly increased LO activity decreased mRNA level of LO to 20.7 fold of the control, while BAPN at 100 μmol/L which inhibits LO activity increased LO mRNA level to 16.4 fold of the control.
In brief, our studies have revealed that BLM upregulates LO activity in association of increasing copper concentration in conditioned media of cultured HLF cells. Some literature has reported increased LO activity is associated with fibrotic disease such as lung [13] . So, BLM induces upregulation of lysyl oxidase in HLF cells, which may be the mechanism of bleomycin-induced pulmonary fibrosis. 
